Background and aims: Cardiac dysfunction may be present in patients with cirrhosis. This study was undertaken to relate plasma concentrations of cardiac peptides reflecting early ventricular dysfunction (pro-brain natriuretic peptide (proBNP) and brain natriuretic peptide (BNP)) to markers of severity of liver disease, cardiac dysfunction, and hyperdynamic circulation in patients with cirrhosis. Patients and methods: Circulating levels of proBNP and BNP were determined in 51 cirrhotic patients during a haemodynamic investigation. Results: Plasma proBNP and BNP were significantly increased in cirrhotic patients (19 and 12 pmol/l, respectively) compared with age matched controls (14 and 6 pmol/l; p,0.02) and healthy subjects (,15 and ,5.3 pmol/l; p,0.002). Circulating proBNP and BNP were closely correlated (r = 0.89, p,0.001), and the concentration ratio proBNP/BNP was similar to that of control subjects (1.8 v 2.3; NS). Circulating proBNP and BNP were related to severity of liver disease (Child score, serum albumin, coagulation factors 2, 7, and 10, and hepatic venous pressure gradient) and to markers of cardiac dysfunction (QT interval, heart rate, plasma volume) but not to indicators of the hyperdynamic circulation. Moreover, in multiple regression analysis, proBNP and BNP were also related to arterial carbon dioxide and oxygen tensions. The rate of hepatic disposal of proBNP and BNP was not significantly different in cirrhotic patients and controls. Conclusion: Elevated circulating levels of proBNP and BNP in patients with cirrhosis most likely reflects increased cardiac ventricular generation of these peptides and thus indicates the presence of cardiac dysfunction, rather than being caused by the hyperdynamic circulatory changes found in these patients.
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O ur knowledge of cardiovascular pathophysiology, including understanding of the circulatory complications of liver disease, has improved considerably during the last years. The systemic circulation in patients with advanced cirrhosis is hyperdynamic with increased heart rate and cardiac output and decreased systemic vascular resistance with normal or low arterial blood pressure. [1] [2] [3] The use of new investigative modalities has shown several lines of evidence of impaired cardiac contractility and performance in patients with cirrhosis. [4] [5] [6] [7] Moreover, a prolonged QT c syndrome and dyssynchronous electrical and mechanical function have been described in patients with cirrhosis. 8 9 This has led to the introduction of a new clinical entity: cirrhotic cardiomyopathy. [10] [11] [12] The term implies a condition with defective myocardial contractility under physical and pharmacological strain. However, the entity has not yet been definitively classified, and the mechanisms behind the cardiac abnormalities are only partly understood. [13] [14] [15] [16] [17] Previous studies have shown increased plasma concentrations of brain natriuretic peptide (BNP) in some patients with cirrhosis. [18] [19] [20] These findings may suggest cardiac dysfunction. Recently, however, the propeptide of brain natriuretic peptide (proBNP) has been suggested as an even better indicator of early cardiac dysfunction. [21] [22] [23] [24] Until now, no study has assessed concentrations of circulating proBNP in patients with cirrhosis. The present study was therefore undertaken to determine concentrations of circulating proBNP and BNP in patients with cirrhosis. Levels of these cardiac peptides were related to markers of severity of disease, cardiac function, and the hyperdynamic circulation in these patients.
MATERIAL AND METHODS

Study population
The study comprised 51 patients (16 females, 35 males) with cirrhosis. The diagnosis was biopsy verified in 25 patients. In the remaining patients, the diagnosis was based on established clinical, biochemical, and ultrasonography criteria. Mean age was 50 years (range 33-69). All patients had a history of alcohol abuse (that is, consumption exceeding 50 g/day for more than five years). All patients had abstained from alcohol for at least one week prior to the study. No withdrawal symptoms were present at the time of the study. According to the modified Child-Turcotte classification, 15 patients were in class A, 23 in class B, and 13 in class C. Twenty one patients had ascites. Twenty eight patients were receiving diuretics and had been put on a sodium restricted diet of 40 mmol sodium per day, but additional cardiovascular medication, including beta blockers, was not prescribed for any of the patients. None of the patients had experienced recent gastrointestinal bleeding or had encephalopathy above grade I. None had signs of heart failure, organic renal disease, diabetes, cancer, or any other major disease. All patients had normal cardiac physical examination, and in those who had a chest x ray performed, signs of cardiomegaly were absent. ECG showed normal configurations apart from sporadic The control group comprised 13 patients without liver disease, who were referred for haemodynamic investigation to exclude circulatory disorders, mainly intestinal ischaemia, for which no evidence was found. All controls had normal arterial blood pressure, no signs of major organic disease, and had a normal cardiac physical examination. The clinical and biochemical data are summarised in table 1.
Catheterisation
All subjects underwent hepatic vein catheterisation for diagnosis and assessment of portal hypertension and splanchnic haemodynamics. They were studied in the morning after an overnight fast and after at least one hour of resting supine. Catheterisation of the hepatic veins and the right atrium was performed as previously described. [25] [26] [27] In brief, a Swan-Ganz 7F catheter was introduced under local anaesthesia via the femoral route under fluoroscopy. A small indwelling polyethylene catheter was placed in the femoral artery and advanced to the aortic bifurcation using the Seldinger technique. Pressures were measured by a capacitance transducer (Simonsen and Weel, Copenhagen, Denmark) in the wedged and free hepatic vein position, in the right atrium, and in the aorta.
Cardiac output was determined by the indicator dilution technique (150 kBq 125 I albumin). 25 Stroke volume was determined as cardiac output divided by heart rate. Systemic vascular resistance was assessed as 80 (mean arterial pressure2right atrial pressure)/cardiac output. Central circulation time was determined as the time weighted area under the indicator concentration time curve, as previously described. 25 Central blood volume was measured as cardiac output multiplied by central circulation time. 25 Plasma volume and blood volume were determined by the indicator dilution technique, as described elsewhere. 25 27 Hepatic blood flow was determined by the indocyanine green constant infusion technique. 28 Indocyanine green clearance was determined as the infusion rate divided by arterial plasma concentration. The galactose elimination capacity was determined as described by Tygstrup.
ECG was recorded by a conventional non-computerised electrocardiograph (Siemens Elema, Freiburg, Germany). The QT interval was determined on the ECG (25-50 mm/s), as described elsewhere. 9 QT interval length was taken from the onset of the QRS complex to the end of the T wave (that is, return to the T-P baseline) and was only measured with a stable isoelectric line. In the few cases where U waves were present, the QT interval was measured to the nadir of the curve between the T and U waves. QT intervals were corrected (QT c ) using Bazett's formula, QT c = QT (RR) 2K , where RR is the R-R interval in seconds. 29 Prolonged QT c interval was defined as QT c .0.440 s K .
Biochemical analysis
Arterial oxygen and carbon dioxide tensions and pH were measured by an ABL-300 blood gas analyser (Radiometer, Copenhagen, Denmark).
Plasma proBNP and BNP analysis
Plasma proBNP concentrations were determined using a novel processing independent assay recently developed in our laboratory. 30 This assay quantitates total proBNP products in plasma using a preanalytical enzymatic step. Briefly, plasma is incubated with trypsin to cleave the proBNP forms at a monobasic cleavage site. The enzymatic reaction is then terminated and the released N terminal fragment (proBNP 1-21) subsequently measured by an N terminal specific proBNP radioimmunoassay. Assay sensitivity is 0.2 pmol/l (mean zero binding +3 SD, n = 10) with an upper reference limit in individuals without cardiac disease of 15 pmol/l (confidence interval 9-16 pmol/l). The intra-assay coefficient of variation is 12% at 5 pmol/l, 7% at 75 pmol/l, and 5% at 130 pmol/l.
For plasma BNP measurements, we used a commercially available assay (Shionogi, Osaka, Japan). [31] [32] [33] This solid phase immunoradiometric assay detects the BNP-32 peptide using two monoclonal antibodies prepared against sterically remote epitopes and does not cross react with atrial or C type natriuretic peptide. The upper reference limit is 5.3 pmol/l (defined as mean +1.96 SD) with a detection limit of 0.56 pmol/l. The intra-assay coefficient of variation is 2.7% at 6.4 pmol/l, 2.2% at 43.9 pmol/l, and 2.0% at 148.5 pmol/l. 31 The hepatic extraction ratio of proBNP and BNP was determined as the arterial-hepatic venous concentration difference relative to the arterial concentration. Hepatic clearance was calculated as hepatic plasma flow multiplied by the extraction ratio. Disposal rate was determined as hepatic plasma flow multiplied by the arterial-hepatic venous concentration difference. 
RESULTS
Splanchnic haemodynamics are summarised in table 2. All patients had significantly increased portal venous pressure with a hepatic venous pressure gradient significantly increasing from Child class A to class C patients. Systemic haemodynamics are summarised in table 3. Patients with advanced cirrhosis (Child classes B and C) had a hyperdynamic systemic circulation with increased cardiac output, low arterial blood pressure and systemic vascular resistance, increased plasma and blood volumes, and reduced central circulation time. Right atrial pressure was normal in all groups but a substantial amount of patients with cirrhosis (41%) had an increased QT interval, as reflected by the frequency adjusted QT c exceeding 0.440 s K . Circulating concentrations of proBNP and BNP were closely correlated in patients with cirrhosis as well as in controls (r = 0.89, p,0.001, and r = 0.98, p,0.001, respectively) (see fig 1) . The ratio plasma proBNP/BNP was similar in patients with cirrhosis and controls (1.8 v 2.3; NS) (see table 4 ).
Circulating concentrations of proBNP as well as BNP in plasma from the artery and cubital vein were significantly increased compared with controls (p,0.02) and age matched healthy subjects (p,0.002) (tables 4, 5; fig 2) . Plasma proBNP and BNP were significantly higher (p,0.05) in Child class B and C patients compared with class A patients (see fig 2) . (Exclusion of outliers in class A and class C from the statistical analyses gave the same result.) When relating proBNP and BNP concentrations to Child score in the univariate analysis, there was a significant direct relation with respect to both proBNP (r = 0. In univariate analyses, no significant relations were found between circulating proBNP and BNP concentrations on the one hand and right atrial pressure, cardiac output, arterial blood pressure, systemic vascular resistance, or heart rate on the other.
In the multiple regression analysis, circulating proBNP concentration was significantly related to mean arterial blood pressure, Child score, body mass index, arterial carbon dioxide and oxygen tensions, heart rate, and QT interval, and borderline significantly to QT c (p = 0.1), as shown in table 6. Likewise, circulating BNP concentration was independently related to Child score, arterial oxygen tension, heart rate, and QT interval, and borderline significantly to QT c (p = 0.1), as shown in table 6.
Hepatic extraction ratios and disposal rates of plasma proBNP and BNP were not significantly different in cirrhotic patients and controls (table 5) .
DISCUSSION
The present study shows that: firstly, the circulating proBNP concentration is significantly increased in patients with advanced cirrhosis; secondly, circulating proBNP is closely related to BNP; thirdly, no signs of reduced hepatic degradation of proBNP and BNP are present in patients with cirrhosis; and fourthly, elevated proBNP and BNP are related to markers of severity of cirrhosis and cardiac dysfunction, but not to the hyperdynamic circulation. This is the first study to report increased plasma concentrations of proBNP in patients with cirrhosis. In patients with heart failure, atrial natriuretic peptide (ANP) is known to act as a rapid response hormone and BNP more Table 4 Arterial and cubital venous pro-brain natriuretic peptide (proBNP) and brain natriuretic peptide (BNP) concentrations in patients with cirrhosis as a ''back up hormone'' activated only after prolonged ventricular overload. 30 34-36 The biological effects of ANP and BNP are natriuresis, diuresis, and vascular relaxation, but patients with cirrhosis, especially with advanced disease, may be resistant to these effects. 19 37 The BNP gene is predominantly expressed in myocytes of failing left ventricles, with BNP increasingly secreted into the circulation. Thus increased plasma concentrations of BNP are associated with impaired function of the left ventricle regardless of the underlying course. The larger N terminal prohormone fragments of proBNP are more stable and have been suggested to have a longer biological half life. Finally, the requirements for blood sampling are less critical. Circulating proBNP concentration is less sensitive to rapid fluctuations caused by short term stimuli of secretion, such as change in body posture, exercise, or volume changes. ProBNP has therefore been suggested as an even better marker of heart failure than BNP. [21] [22] [23] [24] A few previous studies have reported increased plasma BNP concentrations in patients with cirrhosis. [15] [16] [17] [18] [19] [20] The natriuretic peptides are synthesised as pre-prohormones with endocrinologically active C terminal peptides. 34 It is uncertain at present whether proteolytic clevage of proBNP to N terminal proBNP 1-76 and BNP occurs at the time of secretion or later in the circulation, although recent investigations suggest that proBNP is split mainly within or at the surface of the cardiomyocytes. 38 The half life of the prohormones and stability in plasma may provide a better profile for detecting increased myocyte release than the biologically active hormones. 39 Therefore, attention has turned to determination of circulating levels of pro-ANP and proBNP as indices of atrial and ventricular strain, respectively. However, there may be problems, especially in patients with cirrhosis, with clevage of proBNP to smaller fragments, interference with plasma proteins, and changed hepatic degradation. In the present study, we used an assay for proBNP that involved clevage with trypsin and antibodies directed towards epitopes specific in the N terminal 1-21 propeptide. 30 It has previously been validated that this assay measures intact proBNP and N terminal proBNP fragments with equimolar potency, thus determining the total concentration of proBNP in plasma. 30 Any non-specific interference of larger proteins in plasma was eradicated by treating the samples with trypsin. Earlier control experiments have shown that when left at room temperature for 24 hours, the present assay did not reveal any significant decrease in endogenous N terminal proBNP immunoreactivity. Finally, hepatic venous-arterial extraction and disposal rate of both proBNP and BNP were not significantly different in cirrhotic and normal livers, a finding in accordance with earlier investigations on ANP. 40 This suggests that the increased circulating levels of proBNP and BNP in patients with cirrhosis in the main reflect increased secretion from the heart rather than a reduced hepatic disposal. A significant difference was established between average proBNP and BNP concentrations of class A and class C patients, and a significant correlation was observed with Child score, coagulation factors 2, 7, and 10, and albumin level, indicating a relation with severity of liver disease. This is in keeping with earlier observations that cardiac dysfunction is more frequent and pronounced in patients with severe than mild liver disease. 8 12 These findings were confirmed by multiple regression analysis that, in addition to relation to severity of liver disease and markers of cardiac dysfunction, also suggested a possible relation to low arterial oxygen tension and hyperventilation, which are markers of advanced liver disease.
Circulating proBNP and BNP concentrations may increase with age. 30 The increase is weak in subjects less than 70 years of age, but in elderly subjects above this age circulating concentrations of proBNP increase substantially. This may in part reflect unmasked heart failure, but in elderly healthy individuals with a normal exercise test, echocardiography, etc., circulating values of proBNP seem higher than in younger subjects. 30 Therefore, age matched controls are important. Patients with cirrhosis had significantly higher values than age matched controls, who in turn had higher values than age matched healthy subjects. This may suggest the presence of latent heart failure in both cirrhotic patients and control subjects without liver disease. It should be noted that in both groups of subjects, a close direct correlation between proBNP and BNP concentrations was present. The proBNP/BNP ratio was somewhat lower in cirrhotic patients compared with controls, but this value did not achieve statistical significance. Highly different ratios between proBNP and BNP have been reported previously with different assays, which most likely reflects different specificity and sensitivity of the assays. 30 The present results confirmed that levels of circulating proBNP and BNP were of the same picomolar order, although concentrations of proBNP were significantly higher than those of BNP, reflecting their different stability, which was also confirmed in patients with cirrhosis.
In the present study, no significant relationship was established between proBNP and BNP on the one hand and indicators of hyperdynamic circulation (such as cardiac output, systemic vascular resistance) on the other. A direct relation was found between plasma concentrations of these peptides and QT interval. This finding may therefore suggest that increased circulating proBNP and BNP concentrations are not merely a consequence of the hyperdynamic circulation but rather related to cardiac dysfunction, which in turn is more prominent in severe disease. The fact that the relation between proBNP and BNP on the one hand and QT c on the other hand did not achieve statistical significance may reflect different effects of prolonged QT and heart rate.
Cirrhotic patients had no signs of central overfilling, as central blood volume was either normal or reduced. Thus increased concentrations of proBNP and BNP were not caused by central volume overloading. However, even patients with a decreased central blood volume may have locally expanded subcompartments such as the left ventricle. In an earlier study of patients with cirrhosis, we found a direct relation between end diastolic ventricular volume and central blood volume. 41 In the present study, a borderline significant relation was found between plasma concentrations of BNP and central blood volume, and this reached statistical significance with respect to plasma volume. Abnormal distribution of the circulating medium may thus contribute to demask overt cardiac failure in patients with cirrhosis. 7 10 12 The experimental data advocating the existence of cirrhotic cardiomyopathy derive from research in chronic bile duct ligated rats. 13 42-44 Moreover, animals with portal vein ligation display abnormalities in the coupling between excitation and contraction of the myocytes, 45 and a recent report on patients with extrahepatic portal hypertension has shown prolonged QT interval comparable with that found in patients with cirrhosis. 46 Thus portal hypertension with or without liver dysfunction may lead to cardiac dysfunction. In the present study, all patients had alcoholic cirrhosis. Alcohol is well known to be toxic to myocytes, 12 47 and on the present data it cannot be established to which degree cardiac dysfunction is due to sequelae after alcohol ingestion or to the combined effect of portal hypertension and liver disease.
In conclusion, accurate quantification of plasma proBNP and its products, irrespective of the degree of prohormone processing, has revealed increased concentrations of circulating proBNP in patients with advanced cirrhosis. Unchanged hepatic degradation of proBNP and a relation between plasma proBNP concentration and severity of disease and markers of heart dysfunction, but not markers of hyperdynamic circulation, suggest that elevated concentrations of proBNP may indicate the presence of cardiac dysfunction in advanced alcoholic cirrhosis. 
